ABSTRACT. The design of efficient manure treatment systems requires a better characterization of particle and nutrient distribution in manure slurries. The aim of this project was to study particle size, COD, nutrient, micro-nutrient, and olids content and particle size distribution have an impact on the kinetics and efficiency of biological and physico-chemical waste treatments. Hydrolysis rates generally increase as particle size decreases because smaller particles have a higher surface to volume ratio, and thus offer a larger surface area for bacterial colonization and reaction (Chyi and Dague, 1992; Hills and Nakano, 1984; Levine et al., 1991) . On the other hand, small particles may plug membrane and deep-end filter pores as well as hinder sedimentation. Increasing the relative concentration of particles between 1 and 100 mm significantly increased the resistance to flow during filtration of raw, anaerobic and activated sludges (Karr and Keinath, 1978) . Filtration was not significantly affected by relative increases in the number of particles smaller than 1 mm or larger than 100 mm.
reported that solids sedimentation was less efficient with swine manure than with beef, dairy, or horse manures. A 635 mm screen could not process a 3% dry matter (DM) swine manure because hair plugged the filter openings, while the screen was efficiently used for solid-liquid separation of dairy manure with a similar DM content (Hegg et al., 1981) . Moreover, solid-liquid separation may not be accompanied by a substantial reduction in nutrient or organic load content. A mechanical screen separator with 500 mm openings removed 38% to 41% of solids in a 5.6% DM swine manure, but only removed 12% to 15% of TKN and 5% to 7% of total phosphorous (Moller et al., 2000) . In swine manure with DM contents ranging from 3% to 8%, particles larger than 1000 mm and smaller than 50 mm represented 27.4% and 52.8% of DM, respectively (Fernandes et al., 1987) . Separation through a 100 mm continuous-belt microfiltration unit decreased the DM content by 60%, but removed only 17.8% of total phosphorous, 38.8% of COD, and 35.3% of TKN. These data, however, cannot be used to establish a correlation between particle size and nutrient distribution, because the formation of a sludge cake on the filtering surface allows the retention of particles smaller than the opening size.
There is little information on the effect of anaerobic digestion on particle size distribution and composition. During a seven-month storage period at 20°C under anaerobic conditions, the relative amount of swine manure particles smaller than 1.6 mm decreased from 26.8% to 10.1%, suggesting transformation into gases of colloidal and soluble solids (Moller et al., 2002) . On the other hand, particle size distribution was similar in anaerobically digested manure S and raw manure stored in an outdoor open structure for two to four weeks. Particles smaller than 1.6 mm and larger than 1000 mm represented approximately 30% and 20% of the DM, respectively, while about 40% of the particles ranged between 1.6 and 50 mm. However, the presence of large particles may have been underestimated in the raw manure stored in the outdoor structure due to the difficulty of mixing large pits.
Raw manure characteristics will depend on livestock characteristics (such as size, sex, and breed), environmental factors (temperature and humidity), diet composition, and manure and animal management (fresh water addition, storage time, and bedding) (Clanton et al., 1991) . Similarly, anaerobic effluent characteristics may be affected by bioreactor type (completely mixed, batch, upflow, etc.) and operation (temperature, loading rate, retention time, mixing regime, etc.). This article reports on particle size distribution and physico-chemical characteristics of raw and anaerobically digested (AD) manure from a growing-finishing swine operation. Digestion was performed in anaerobic sequencing batch reactors (ASBRs) operated at 25°C.
MATERIALS AND METHODS

BIOREACTORS
The configuration of the three ASBRs used in this project is presented in Massé et al. (2004b) . The ASBRs had total volume of 2.5, 8, and 12 m 3 , respectively. After a one-year start-up period, the ASBRs were operated at 25°C and an average organic loading rate (OLR) of 2.0 kg of total chemical oxygen demand (TCOD) per m 3 of sludge present at the start of a cycle per day of feeding. Sludge volume at the start of cycles was 1.21, 3.76, and 5.58 m 3 in the three ASBRs, respectively. The ASBRs were fed once a week for two consecutive weeks. The reaction period lasted an average of 21 days. During the feeding and reaction phases, the ASBR content was mixed twice a week by recirculating the mixed liquor for 30 to 60 min. Bioreactor effluent was withdrawn after a 72 h settling period. The ASBRs were fed as soon as the effluent was removed. Specific methane production during ASBR cycles averaged 0.27 l CH 4 per g of TCOD fed to the bioreactor.
DATA COLLECTION AND ANALYSIS
About 8 m 3 of raw manure was collected before each ASBR cycle from the gutters under a partially slatted floor in a growing-finishing barn of a typical Canadian commercial swine operation. The pigs entered the growing-finishing barn at 30 kg and left at 100 kg. They were fed a commercial standard diet. At the Research Center, the manure was stored in a tanker for a maximum of two weeks at temperatures ranging from 5°C to 20°C. One-liter raw manure samples were collected before each ASBR cycle and stored at 4°C for a few days before analysis. Effluent samples were also collected from the three ASBRs at the end of each cycle. Analyses included total, volatile, suspended, and volatile suspended solids (TS, VS, SS, and VSS), total Kjeldahl nitrogen (TKN), NH 3 -N, P, K, alkalinity, pH, COD, and volatile fatty acids (VFAs) from C1 to C6. Standard analytical methods were used, as described in Massé et al. (2004b) .
Samples for particle size analysis were collected over a 12-month period, starting 20 months after the initial inoculation of the ASBRs. During that period, there was no sludge removal from the ASBRs. Seven anaerobically digested (AD) manure samples and five raw manure samples were analyzed in duplicate for particle size distribution by serial filtration through metal (2000, 1000, 500, and 250 mm), nylon (114 mm), and polyethylene (53, 20, and 10 mm) mesh filters. Between each filtration, cylinders, flasks, and filters were washed with a measured quantity of distilled water to ensure that all particles smaller than the filter pore size were collected in the filtrate. Filters were cleaned or changed as soon as flow rate decreased, indicating pore plugging. The total amount of particles smaller than 0.45 mm was measured by centrifugation at 45,000 G for 30 min and filtration of the supernatant through a 0.45 mm filter. Particles smaller than 0.45 mm were considered soluble solids.
All filtrates were analyzed for TS, TKN, NH 3 -N, P, K, and COD. Duplicate filtrates from three AD and three raw manure samples (50 mL subsamples) were also analyzed by the inductively coupled plasma (ICP) method for Cu, Zn, Ca, Mg, Fe, Mn, and Na (Research and Development Institute for the Agri-Environment Laboratory, Québec City, Que.). Particle quantity and composition in each size fraction were determined by differences between measurements made on the filtrate before and after a specific particle size fraction was removed. This technique was found to be simpler and more reliable than that of measuring the characteristics of the solids removed (Karr and Keinath, 1978) .
Two effluent samples were filtered through a 50 mm screen and sent for DLS (dynamic light scattering) analysis (Department of Physics, University of Guelph, Ont.). The analysis provided size distribution, on a count basis, for particles between 0.05 and 10 mm.
Ammonia volatilization during TS analysis was measured in five AD and raw manure samples, as follows: Approximately 2 g of manure were put in four Kjeltec tubes. Two of the four tubes were acidified to a pH of 4. One acidified tube and one non-acidified tube were dried overnight at 103°C, while the other two tubes were kept at 4°C. All four tubes were analyzed for NH 3 -N content the next day.
VFA volatilization during TS analysis was measured in five AD and raw manure samples, as follows: A 10 g sample was dried overnight at 103°C. The dry matter was resuspended in 10 mL of distilled water for 24 h in a closed tube. The suspension was regularly mixed on a vortex mixer. Total VFAs in fresh and dried samples were measured by gas chromatography.
Statistical analysis was performed on TS, COD, TKN, N, P, K, and micro-nutrient concentrations in the various filtrates and on percent of total concentration remaining in filtrates as particle size ranges were sequentially removed. Within one sample type (raw or AD manure), significant (P < 0.05) differences between particle size ranges were estimated using the Duncan test procedure in SPSS 9.0 for Windows. Significant differences (P < 0.05) between raw and AD manure within each particle size range were tested using the GLM procedure in SPSS. Table 1 presents the characteristics of the raw swine manure fed to the ASBRs and the anaerobically digested (AD) manure. Raw manure TS concentration (95.84 g L −1 ) was high compared to values reported in the literature (Campbell et al., 1997; Dupont et al., 1984; Ford and Fleming, 2002; Overcash et al., 1984) . The manure was collected from a growing-finishing swine operation that minimized water usage and spillage. Total N, P, and K represented 11.0% ±0.7%, 2.6% ±0.3%, and 4.7% ±0.3% of the TS, respectively. These values are within the ranges reported in the literature (Campbell et al., 1997; Dupont et al., 1984; Ford and Fleming, 2002; Overcash et al., 1984) . However, nutrients were highly concentrated due to the elevated TS content of the manure fed to the bioreactors.
RESULTS AND DISCUSSION
PHYSICO-CHEMICAL CHARACTERISTICS OF RAW AND ANAEROBICALLY DIGESTED (AD) SWINE MANURE
Treatment in the ASBRs decreased raw manure solids and COD content by 70% to 85%. Reduction was mainly due to the transformation of organic carbon into methane and the sedimentation of large particles during the settling phase. Nutrient concentration was also lower in AD than raw manure (table 1), mostly due to dilution within the ASBRs. At the beginning of treatment cycles, the sludge bed represented approximately 80% of the total active volume of the ASBRs. The sludge bed mixed liquor was less concentrated in N, P, and K than the raw manure, because the ASBRs were initially inoculated with one part of biomass and four parts of water. Using the results for potassium, a soluble element that should not be retained in significant quantities in the bioreactors, a 38% dilution factor was calculated as follows:
where DF is the dilution factor (%), K RM is the average potassium concentration in raw manure, and K ADM is the average potassium concentration in AD manure. With time, however, as the ASBRs keep on being regularly fed with raw manure, concentration of soluble nutrients in the ASBR mixed liquor should be similar to that in raw manure. Adjusting for dilution within the ASBRs, TKN concentration was similar in AD and raw manure; total nitrogen was thus conserved during the anaerobic process. However, the NH 3 -N/TKN ratio increased from 74% in raw manure to 85% in AD manure (table 1), mostly due to the mineralization of organic nitrogen during anaerobic treatment. NH 3 -N concentration (adjusted for dilution) was increased by approximately 20%. Phosphorous concentration in AD manure represented 42% of that in raw manure. Adjusting for dilution, approximately 26% of the phosphorous was retained in the ASBRs, mainly through precipitation and particle sedimentation during the settling phase. A previous mass balance study in laboratory-scale ASBRs indicated that 0.09% and 25% of total nitrogen and phosphorous, respectively, were retained in the bioreactors (Massé et al., 2004a) . With time, phosphorous would thus accumulate within the ASBR sludge bed.
Manure pH was substantially increased during the anaerobic process, from an average of 7.32 to 8.24, as VFA concentration decreased from an average of 31.61 g L −1 in raw manure to 0.54 g L −1 in effluent (table 1). The increase in pH coupled with an increase in the NH 4 -N concentration could promote ammonia volatilization during effluent stor− age, since the concentration of free ammonia, the volatile form of ammonia-nitrogen, increases both with pH and total concentration.
EFFECT OF NITROGEN AND VFA VOLATILIZATION DURING TS ANALYSIS ON PARTICLE SIZE DISTRIBUTION
The TS analysis involved drying the manure at 103°C for 18 to 24 h. During the drying process, 98% of the ammonia was volatilized in both raw and AD manures, while 98% and 90% of the VFAs were volatilized in raw and AD manure, respectively. Ammonia and VFAs are soluble molecules that increase the concentration of particles smaller than 0.45 mm. Solely based on TS analysis, particles smaller than 0.45 mm represented 19% ±6% and 44% ±10% of the DM in raw and AD manure, respectively ( fig. 1) . Accounting for volatilization, particles smaller than 0.45 mm represented 41% ±4% and 55% ±10% of the DM in raw and AD manure, respectively ( fig. 1) . The relative amount of particles smaller than 0.45 mm was still significantly (p < 0.01) higher in AD than raw manure, but the difference was substantially reduced when accounting for volatilization. The effect of volatilization was greater on raw manure particle size distribution because of the significantly larger VFA concentration in raw manure (average of 24% of TS, including volatilized molecules) than AD manure (0.5% of TS). Results presented in the rest of this article include volatilized VFAs and ammonia. Table 2 presents particle size distribution and composition in raw and AD manure. Solids concentration was significantly higher (p < 0.01) in raw than AD manure in all particle size ranges. In raw manure, TS concentration decreased significantly as larger particles were removed, indicating sizeable concentration of particles in every size range. In AD manure, on the other hand, there was no significant decrease in TS concentration as particles larger than 10 mm were sequentially removed. Large particles were probably shrunken or split during the hydrolysis process in the ASBRs. Some larger particles may have also settled within the biomass bed at the end of cycles. Approximately 39% and 65% of non-soluble particles (>0.45 mm) were smaller than 10 mm in raw and AD manure, respectively.
SIZE DISTRIBUTION AND CHARACTERISTICS OF PARTICLES IN AD AND RAW MANURES
An analysis of particles between 0.05 and 10 mm in AD manure indicated a bimodal distribution, on a count basis, with peaks around 0.1 and 1 mm ( fig. 2a ). There were no particles larger than 2 mm detected in that size range. On a volumetric basis (assuming spherical particles), over 80% of solids in the 0.05 to 10 mm size range fell between 0.8 and 1.8 mm (fig. 2b) . A fluid with particles smaller than 1 to 2 mm could be filtered through a microfiltration unit. The removal of particles larger than 10 mm may thus be sufficient to prepare AD manure for membrane filtration. [a] Values within columns followed by the same letter are not different at P < 0.05. Raw and AD manure filtrates are analyzed separately. Particles larger than 0.45 mm contained 63% and 72% of total COD in raw and AD manure, respectively ( fig. 3) . Particles larger than 1000 mm had a lower COD equivalent (0.73 and 0.31 g COD per g solids in raw and AD manure, respectively) than particles between 0.45 and 1000 mm (1.6 and 1.1 g g −1 in both manures, respectively). The COD equivalent of particles smaller than 0.45 mm averaged 1.22 and 0.35 g g −1 for raw and AD manure, respectively. The COD content of soluble particles was thus substantially reduced by anaerobic treatment, mainly due to the transformation of VFAs into methane gas.
There were no significant changes in the concentration of the soluble compounds NH 3 -N and K as particle size ranges were sequentially removed from AD and raw manure (table 2). In both manures, TKN concentration remained similar in all filtrates down to 10 mm, and decreased to the NH 3 -N level in the 0.45 mm filtrates. Organic nitrogen was thus mostly associated with particles between 0.45 and 10 mm. In both AD and raw manure, approximately 20% of total P was soluble, while another 50% was associated with particles between 0.45 and 10 mm ( fig. 3 ). Only 30% of the phosphorous was linked to particles larger than 10 mm. Phosphorous distribution explains why most screen-type separators are considerably less efficient in removing manure P than DM (Ford and Fleming, 2002) . A separator that could screen out all particles larger than 10 mm would remove approximately 65% of non-soluble solids in the raw manure fed to the ASBRs, but only 30% of total P. Only the decanter centrifuge was reported to remove a substantial fraction of solids larger than 2 mm (Sneath et al., 1988) . Approximately 60% of DM and P were separated from a 5% DM manure with a decanter centrifuge (Moller et al., 2002) .
Micro-element concentrations were lower in filtrates from AD than raw manure (table 3). The difference was partly due to dilution within the bioreactor. A 28% dilution factor was calculated using equation 1 and concentrations of the soluble element Na in the raw and AD manure samples used for micro-element analysis. This dilution factor is lower than the one reported previously because the samples used for micro-element analysis were all collected in the last six months of operation, while the first dilution factor was calculated using all samples collected since the ASBRs were in operation. As previously stated, with time, non-reactive soluble element concentrations in the ASBRs should tend toward concentrations found in raw manure.
Accounting for dilution, approximately 20% of Zn and Fe, and 40% to 50% of Cu, Ca, Mg, and Mn were retained in the bioreactor, probably mostly through precipitation and particle sedimentation during the settling phase. Zinc and copper would thus accumulate with time within the biomass bed, and could be eventually higher in the sludge retrieved from the ASBRs than in raw manure. Approximately 80% of Zn, Ca, and Fe and over 95% of Cu were associated with particles between 0.45 and 10 mm in both manures ( fig. 4 ). Small particles have a strong affinity for metal ions, mainly because of their high negatively-charged surface areas (Stumm and Morgan, 1996) . Metal removal from manure would thus also require a solid-liquid separation system that retains particles smaller than 10 mm, such as the decanter centrifuge. Concentrations of Cu, Zn, Mg, Fe, and Mn in solution (particles <0.45 mm) represented less than 2.2% and 5.5% of total concentration in raw and AD manure, respectively. However, soluble concentrations were significantly higher in AD than raw manure, even when the dilution factor was neglected, as in table 3. The solubilization of small particles during anaerobic treatment probably released metal ions in solution, where it could bind with soluble compounds. Studies have shown that most soluble matter in anaerobically treated effluents consisted of organic soluble microbial products (SMP), which are released during substrate metabolism and biomass decay, as opposed to residual substrate or intermediate products of the anaerobic process (Barker and Stuckey, 1999) . The SMPs have functional groups, such as carboxylates, hydroxyls, sulphydryls, phenols, and amines, which act as ligands and complex metals (Kuo and Parkin, 1996) . Additional studies would be needed to determine if the complexation of metals with SMPs increases metal availability to plants as well as leaching to groundwater following land application of the AD manure. 
CONCLUSION
Particle size distribution and composition in AD and raw swine manure were compared. Swine manure treatment in ASBRs reduced solids concentration by 70%, through both biological degradation and sedimentation, and had a significant effect on particle size distribution. Particles smaller than 10 mm represented 64% and 84% of DM in raw and AD manure, respectively. An analysis of particles between 0.05 and 10 mm in AD manure indicated a bimodal distribution, on a count basis, with peaks around 0.1 and 1 mm. No particles larger than 2 mm were detected in that size category. The removal of particles larger than 10 mm will thus be the main objective to prepare AD manure for membrane filtration.
In AD and raw manure, approximately 20% of total P was soluble, while another 50% was associated with particles between 0.45 and 10 mm. Only 30% of the phosphorous was linked to particles larger than 10 mm. In both manures, approximately 80% of Zn and over 95% of organic N and Cu were associated with particles between 0.45 and 10 mm. Therefore, a solid-liquid separation system must remove a sizeable portion of the solids between 0.45 and 10 mm to reduce phosphorous and heavy metal concentrations in raw and AD manure. Most commercial solid-liquid separators will be able to remove a considerable fraction of raw manure DM, but except for the decanter centrifuge, they will not be efficient in terms of nutrient and heavy metal separation.
